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An  Sn-carbon  fibre  composite  electrode  is  fabricated  by  electrodepositing  a  thin  film  (0.5  ±0.1  fim)  of 
Sn  with  an  ultrafine  grain  size  (350  ±  50  nm)  on  the  7.5  ±1.5  fxm  diameter  fibres  of  a  carbon  fibre  paper 
(CFP).  The  electrochemical  performance  of  the  Sn-CFP  composite  being  considered  as  an  anode  material 
for  rechargeable  Li-ion  batteries  is  evaluated  by  conducting  galvanostatic  charge-discharge  cycling  tests. 
The  Sn-CFP  electrode  displays  a  reversible  planar  capacity  of  2.96  mAh  cm-2  with  a  capacity  retention  of 
50%  after  twenty  cycles,  compared  to  the  23%  measured  for  a  2.2  ±  0.2  |mm  thick  Sn  coating  deposited  on  a 
Cu  foil.  The  enhanced  cycling  performance  of  the  Sn-CFP  electrode  is  attributed  to  the  double  role  played 
by  carbon  fibres,  which  act  as  randomly  oriented  current  collectors  in  addition  to  being  an  active  material. 
The  small  thickness  and  large  surface  area  of  the  Sn  coating  on  the  carbon  fibres  enhances  the  coating’s 
chemical  reactivity  and  tolerance  for  volume  change.  It  is  suggested  that  transforming  Sn  to  Sn  oxides 
in  Sn-CFP  electrodes  may  improve  the  cycling  performance  of  these  composites  as  anode  materials  for 
rechargeable  Li-ion  batteries. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  most  common  anode  material  used  in  Li-ion  batteries  is 
graphite,  due  to  its  low  cost,  availability  and  durability  [1,2].  In 
graphitic  anodes,  the  Li+  insertion  mechanism  corresponds  to  the 
reversible,  progressive  intercalation  of  Li+  ions  between  graphene 
layers  to  reach  a  theoretical  capacity  of  372  mAh  g-1  if  LiC6  is 
formed  [3],  compared  to  a  practical  capacity  of  350  mAh  g-1  [4]. 

Recent  years  have  seen  a  growing  interest  in  the  use  of  afford¬ 
ably  mass-producible  metals  (e.g.,  Si,  Sn,  Sb,  In,  Bi,  Al)  as  Li-ion 
battery  anode  materials  to  achieve  a  higher  capacity  and  a  more 
positive  lithiation  voltage  vs.  Li/Li+,  minimizing  the  risk  of  Li  plating 
that  is  a  safety  problem  with  carbonaceous  anodes  [4,5].  How¬ 
ever,  using  the  aforementioned  metals  as  anodes  for  Li-ion  batteries 
produces  large  volume  changes  during  lithiation/delithiation  pro¬ 
cesses.  Thus,  in  order  to  improve  durability  while  maintaining 
high  capacity,  new  strategies  have  been  implemented  to  prevent 
the  adverse  effects  of  large  volume  changes.  One  strategy  is  the 
development  of  intermetallic  anode  materials  by  alloying  active 
elements  with  inactive  elements  (e.g.,  Cu6Sn5,  Cu2Sb)  to  com¬ 
pensate  for  the  expansion  of  the  active  materials  [6,7].  Another 
strategy  employed  by  some  researchers  is  the  development  of 
composite  anode  materials  by  mixing  active  elements  with  car¬ 
bonaceous  materials  (e.g.,  Si-C,  Sn-C)  [8,9]  or  oxides  (e.g.,  Sb-V04, 
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Sb-Mn207,  Sn-Al203)  [10,11].  For  example,  Magasinski  et  al.  [8] 
used  a  CVD  technique  to  produce  Si-C  nanocomposite  granules 
containing  50wt%  Si  nanoparticles,  and  reported  a  capacity  of 
1500  mAh  g-1  with  an  efficiency  of  about  90%  for  100  cycles.  A 
third  strategy  involves  the  design  and  development  of  anode  mate¬ 
rials  with  micro-  and  nano-scale  surface  textures  that  provide  a 
large  surface-to-volume  ratio.  This  may  result  in  an  improvement 
of  the  electrical  contact  between  the  active  material  and  the  current 
collector,  an  enhancement  of  the  chemical  reactivity  of  the  active 
material  to  the  electrolyte,  and  an  increase  in  the  tolerance  for  the 
volume  change  [8,12,13]. 

Among  the  alternative  anode  materials  that  have  been  studied, 
Sn  is  particularly  important  because  of  its  high  theoretical  capacity 
of  992  mAhg-1  (i.e.,  if  Li44Sn  is  reached)  [14-17].  The  Li+  insertion 
mechanism  in  Sn-based  anodes  corresponds  to  the  formation  of 
Li-Sn  intermetallics  according  to: 

xLi+±xe_±Sn  LixSn  (0  <x<  4.4)  (1) 

Sn  has  a  poor  capacity  retention,  however,  due  to  its  large  vol¬ 
ume  change  (up  to  300%)  during  charge-discharge  cycles,  which 
causes  the  pulverization  of  the  electrode  after  only  a  few  cycles 
[14-17].  In  order  to  improve  the  cycling  performance  of  Sn  anodes, 
Sn-based  intermetallic  compounds  and  composite  materials  have 
been  developed.  Intermetallics  formed  of  Sn  and  inactive  elements, 
such  as  Cu6Sn5  [18-20],  CoSn3  [21]  and  Ni3Sn4  [22-24],  have  a 
lower  specific  capacity  than  pure  Sn,  but  their  capacity  retention  is 
significantly  higher. 
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Fig.  1.  SEM  (secondary  electron)  micrographs  of  the  Sn  coating  electrodeposited  on  a  Cu  foil  current  collector. 


There  are  also  several  examples  of  Sn-based  composite  anodes 
in  the  literature.  Noh  et  al.  [25 ]  produced  amorphous  carbon-coated 
Sn  particles  composed  of  80  wt%  Sn.  Testing  a  composite  electrode 
with  60  wt%  particles,  they  measured  a  capacity  of 680  mAh  g_1  and 
a  capacity  retention  of  98%  after  50  cycles.  Park  et  al.  [26]  showed 
that  the  cycling  performance  of  electrodeposited  Sn  coatings  could 
be  improved  by  dispersing  16  vol%  acetylene  black  particles  with  a 
size  smaller  than  40  p,m  into  the  Sn  matrix.  They  reported  a  capacity 
of  460  mAh  g-1  and  a  capacity  retention  of  43%  after  twenty  cycles 
for  the  composite  electrode,  whereas  a  similar  1 0  fxm-thick  Sn  coat¬ 
ing  showed  a  small  capacity  of  only  20  mAh  g-1  from  the  beginning. 
This  improvement  in  the  cycling  performance  was  attributed  to 
the  buffering  effect  that  the  acetylene  black  particles  had  on  the 
volume  change.  On  the  other  hand,  the  use  of  three-dimensional 
substrates  (current  collectors)  for  Sn-based  coatings  like  metallic 
foams  [27-29],  nanopillar-textured  Cu  surface  [30]  and  carbon  fibre 


paper  (CFP)  [31  ],  have  also  shown  to  improve  the  durability  of  the 
anode  electrodes.  Among  these,  using  CFP  seems  to  be  the  simplest, 
most  cost-effective  approach,  because  it  does  not  require  adding 
extra  steps  to  the  electrode  production  route. 

The  aim  of  this  study  was  to  fabricate  an  Sn-carbon  fibre  com¬ 
posite  as  an  alternative  (with  higher  capacity  and  improved  safety) 
to  commercial  graphitic  anodes  for  rechargeable  Li-ion  batter¬ 
ies  using  a  cost-effective  electrodeposition  process.  Galvanostatic 
charge-discharge  cycling  tests  would  then  be  conducted  to  eval¬ 
uate  the  electrode’s  reversible  capacity  and  cycling  performance 
with  the  goal  of  understanding  the  roles  that  Sn  and  carbon  fibres 
play  in  the  overall  performance  of  these  composite  anodes.  Fur¬ 
thermore,  the  microstructures  of  the  electrodes  were  studied  to 
understand  the  electrochemical  degradation  mechanisms  and  sug¬ 
gest  possible  materials  processing  solutions  that  might  improve  the 
performance  of  the  composite  electrodes. 


Fig.  2.  SEM  (secondary  electron)  micrographs  of  the  Sn-CFP  electrode:  (a)  Sn-CFP  microstructure,  (b)  Sn-coated  carbon  fibres  in  the  electrode,  (c)  surface  morphology  of  the 
Sn  coating  on  a  carbon  fibre  showing  the  Sn  ultrafine  grain  structure,  and  (d)  an  FIB-milled  cross  section  of  an  Sn-coated  carbon  fibre. 
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To  fabricate  the  composite  electrode,  a  thin  film  of  ultrafine 
grain  Sn  (it  has  been  suggested  that  a  reduction  in  the  active 
material’s  grain  size  may  benefit  the  cycling  performance  by  reduc¬ 
ing  crack  size  and  delamination  from  the  current  collector  during 
charge-discharge  cycles  [14])  was  electrodeposited  on  a  CFP  sheet 
with  randomly  oriented  carbon  fibres.  CFP  is  low-cost  and  commer¬ 
cially  available,  and  it  has  a  large  surface  area  and  good  electrical 
conductivity.  The  electrochemical  performance  and  the  degrada¬ 
tion  mechanisms  of  this  electrode  were  compared  to  an  Sn  coating 
electrodeposited  on  a  Cu  foil. 


2.  Experimental 

2.1.  Fabrication  and  characterization  of  electrodes 

A  thin  layer  of  Sn  with  a  mass  loading  of  3.2  ±  0.2  mg  cm-2  was 
electrodeposited  on  the  randomly  oriented,  7.5  ±1.5  pan  diameter 
fibres  of  a  0.37  mm  thick  Toray  CFP  sheet  with  a  specific  mass  of 
16.2  ±0.2  mg  cm-2  and  a  porosity  of  78%.  A  pyrophosphate  bath 
containing  0.40  M  K4P2O7,  0.09  M  Sn2P207  and  0.05MC4FI606, 
operating  at  a  DC  current  density  of  30  mAcm-2  at  room  tempera¬ 
ture,  was  used  for  the  Sn  electrodeposition.  This  process  provided 
an  Sn  coating  with  an  ultrafine  grain  size.  The  electrodes  produced 
in  this  way  were  designated  as  Sn-CFP.  The  same  Sn  coating  with  a 
mass  loading  of  1.6  ±0.2  mg  cm-2  (50%  lower  than  that  deposited 
on  the  CFP)  was  deposited  on  a  25  pan-thick  Cu  foil,  using  the  same 
electrodeposition  bath. 

The  CFP  structure  was  studied  using  an  inVia  Renishaw 
micro-Raman  spectrometer  with  a  514  nm  radiation.  The  surface 
morphologies  of  the  electrodes  were  studied  using  an  FEI  Quanta 
200  FEG  scanning  electron  microscope  (SEM)  equipped  with  an 
energy  dispersive  spectroscope  (EDS)  and  a  cathodoluminescence 
(CL)  detector.  To  characterize  the  cross-sectional  microstructures 
of  the  electrodes,  focused  ion  beam  (FIB)  studies  were  carried  out 
using  a  Zeiss  NVision  40  dual  beam  SEM/FIB  instrument.  Using  Ga- 
ion  beam  currents  ranging  from  13nA  to  700  pA  at  a  voltage  of 
30  kV,  trenches  were  milled  across  the  diameter  of  the  Sn-coated 
carbon  fibres  in  their  as-prepared  condition  and  after  the  electro¬ 
chemical  experiments. 


2.2.  Electrochemical  characterization 

The  electrodeposited  samples  were  washed  with  distilled  water 
and  dried  in  60  °C  air  for  5  min.  The  Sn-CFP  sheet  and  the  Sn-coated 
Cu  foil  were  cut  to  a  diameter  of  20  mm,  and  the  produced  elec¬ 
trodes  were  weighed  using  an  electronic  balance  with  a  sensitivity 
of  1 0  pg.  The  electrodes  (anodes)  were  placed  inside  a  CR2032-type 
coin  cell  with  a  0.38  mm-thick  metallic  Li  counter  electrode  and  a 
microporous  polypropylene  membrane  (Celgard  2400)  used  as  the 
separator.  The  electrolyte  was  composed  of  1  M  LiPF6  in  a  mixture 
of  ethylene  carbonate,  dimethyl  carbonate  and  diethylene  carbon¬ 
ate  (1:1:1  volume  ratio).  All  cells  were  assembled  in  an  MBRAUN 
LABstar  glovebox  filled  with  dry  argon  (FI2O  <  1  ppm,  02  <  1  ppm). 
Before  assembling  the  electrochemical  cells,  the  electrodes  were 
dried  in  argon  at  room  temperature  for  3  days  and  washed  with  the 
electrolyte  solution  prior  to  inserting  them  into  the  cells  to  ensure 
the  dryness  of  the  cells. 

Galvanostatic  charge-discharge  cycling  tests  with  a  voltage 
cut  off  window  of  0.02-1. 50  V  vs.  Li/Li+  potential  were  applied 
to  the  cells  to  evaluate  the  cycling  performance  of  the  elec¬ 
trodes.  The  current  densities  used  for  the  charge-discharge 
cycling  of  the  CFP,  Sn-coated  Cu  and  Sn-CFP  electrodes 
were  about  0.75  mA cm-2,  0.75  mA cm-2  and  1.50mA cm-2, 
respectively. 


The  active  material’s  mass  in  the  Sn-CFP  composite  electrode 
was  calculated  as: 

^active  =  ^Sn  +  ^C  (2) 

where  MSn  was  the  Sn  coating’s  mass  and  Mc  was  the  mass  of  the 
carbon  fibres  participating  in  the  lithiation/delithiation  process. 

After  the  electrochemical  tests,  the  cycled  electrodes  were 
removed  from  the  cell  inside  the  glovebox  and  dried  in  argon  for 
further  microstructural  investigations. 


3.  Results  and  discussion 

3.1.  Microstructure  of  fabricated  electrodes 

SEM  micrographs  of  the  Sn  coating  electrodeposited  on  the  Cu 
foil  substrate  are  presented  in  Fig.  la  and  b.  The  Sn  coating’s  sur¬ 
face  was  flat  (Fig.  la)  and  composed  of  ultrafine  Sn  grains  with  an 
average  size  of  350  ±  50  nm  (Fig.  lb). 

The  microstructure  of  the  Sn-CFP  is  shown  in  Fig.  2a,  and  a 
higher  magnification  SEM  micrograph  of  the  Sn-coated  carbon 
fibres  from  the  location  marked  as  ‘b’  is  presented  in  Fig.  2b.  The  Sn 
coating  uniformly  covered  the  entire  surfaces  of  the  carbon  fibres 
in  the  top  65  ±  5  pun  of  the  CFP’s  thickness  (370  pun).  The  coating 
had  an  ultrafine  grain  size  of  350±50nm,  as  seen  in  the  higher 
magnification  SEM  micrograph  displayed  in  Fig.  2c.  A  secondary 
electron  micrograph  of  an  Sn-coated  carbon  fibre’s  cross-section 
prepared  by  FIB  is  shown  in  Fig.  2d.  This  micrograph  shows  that 
the  fibres  were  coated  uniformly  by  Sn.  The  cross-sectional  view 
of  the  Sn  grains  is  also  exposed;  revealing  only  a  single  layer  of  Sn 
grains  across  the  thickness  of  the  coating.  As  shown  in  Fig.  2d  the 
coating’s  thickness  was  0.5  ±  0.1  p,m.  Although  the  Sn  mass  load¬ 
ing  of  the  Sn-CFP  composite  was  two  times  more  than  that  of  the 
Sn-coated  Cu,  the  Sn  coating  in  the  Sn-CFP  was  four  times  thinner 
than  that  deposited  on  the  Cu  foil  (2.2  ±  0.2  pun),  indicating  that  the 
surface-to-volume  ratio  of  Sn  in  the  Sn-CFP  composite  was  four 
times  higher.  This  implies  that  the  Sn-CFP  electrode  would  have 
higher  chemical  reactivity  compared  to  the  Sn-coated  Cu,  as  will 
be  described  in  Section  3.2. 

It  should  also  be  noted  that  the  large  curvature  (the  amount  by 
which  the  surface  deviates  from  being  flat,  as  defined  by  /c  =  r-1, 
where  r  is  the  radius  of  a  coated  fibre)  of  the  Sn  coating  on  the 
carbon  fibres  would  enhance  its  tolerance  for  volume  changes. 


Fig.  3.  Galvanostatic  charge-discharge  voltage  profiles  of  the  CFP,  Sn-coated  Cu  and 
Sn-CFP  electrodes  for  the  first  cycle. 
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Fig.  4.  Galvanostatic  charge-discharge  voltage  profiles  during  the  first,  second, 
tenth  and  twentieth  cycles  for:  (a)  the  Sn-coated  Cu  electrode,  and  (b)  the  Sn-CFP 
electrode. 


3.2.  Electrochemical  performance 

The  galvanostatic  charge-discharge  profiles  of  the  CFP, 
Sn-coated  Cu  and  Sn-CFP  electrodes  recorded  for  the  first  cycle 
are  presented  in  Fig.  3.  The  CFP’s  charge  potential  decreased 
gradually,  rather  than  showing  steps  at  low  values  (i.e.,  0.1 -0.2  V 
vs.  Li/Li+),  which  is  characteristic  of  less  ordered  carbon  structures 
compared  to  graphite  [32].  In  addition,  the  curvature  of  the 
charge  potential  was  positive  below  0.2  V.  The  CFP’s  discharge 
potential  also  showed  a  positive  curvature  from  0.25  V  to  0.6  V. 
The  Sn-coated  Cu  electrode’s  charge  potential,  in  contrast,  showed 
a  potential  plateau  just  below  0.4  V  and  then  decreased  almost 
linearly  to  0.02  V.  The  electrode’s  discharge  potential,  however, 
surged  to  about  0.4  V,  at  which  point  a  reduction  in  slope  occurred 
with  delithiation  plateaus  taking  place  between  0.6  and  0.8  V.  The 
Sn-CFP  electrode  showed  the  lithiation/delithiation  plateaus  that 
were  observed  for  the  Sn-coated  Cu,  but  the  lithiation/delithiation 
curves,  similar  to  those  observed  for  the  CFP  electrode,  were  also 
observed  at  lower  potentials.  During  the  first  charge,  the  lithiation 
of  the  Sn  coating  in  the  Sn-CFP  electrode  formed  a  long  plateau 
below  0.4  V,  followed  by  the  lithiation  of  the  carbon  fibres  that 
created  a  positive  potential  curvature  below  0.2  V.  During  the 
first  discharge,  the  delithiation  of  the  carbon  fibres  started  above 
0.25  V,  as  evidenced  from  the  gradual  increase  in  potential  from 
0.25  V  to  0.6  V,  followed  by  large  Sn  delithiation  plateaus  that  took 
place  between  0.6  and  0.8  V.  This  suggests  that  both  intercalation 
and  alloying  mechanisms  were  active  in  the  Sn-CFP  electrode. 
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Fig.  5.  Capacities  and  efficiencies  of  the  Sn-coated  Cu  and  the  Sn-CFP  electrodes,  (a) 
Planar  charge-discharge  capacities,  (b)  Gravimetric  charge-discharge  capacities,  (c) 
Coulombic  efficiencies. 


The  galvanostatic  charge-discharge  profiles  of  the  Sn-coated  Cu 
and  the  Sn-CFP  electrodes  for  the  first,  second,  tenth  and  twenti¬ 
eth  cycles  are  presented  in  Fig.  4a  and  b.  The  planar  capacities  of 
both  electrodes  declined  from  the  first  cycle  to  the  twentieth  cycle, 
78%  with  the  Sn-coated  Cu  and  50%  with  the  Sn-CFP  electrode.  It 
should  also  be  noted  that  the  Sn-coated  Cu  electrode  displayed  an 
irreversible  high-voltage  capacity  (i.e.,  1. 4-1.1  V  vs.  Li/Li+)  during 
the  second  charge  (Fig.  4a);  a  phenomenon  that  was  not  observed  in 
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Wave  number  (cm'1) 

Fig.  6.  Micro-Raman  spectra  of  the  carbon  fibres  in  the  as-received  CFP  and  the 
Sn-CFP  electrode  after  twenty  galvanostatic  charge-discharge  cycles. 

the  Sn-CFP  electrode’s  charge  profiles  (Fig.  4b).  This  phenomenon, 
which  is  due  to  the  irreversible  reaction  of  Li+  ions  with  Sn  oxides 
(e.g.,  SnO)  and  formation  of  \a20  particles  on  the  surface  of  the  Sn 
coating,  resulted  in  a  low  Coulombic  efficiency  of  71  %  for  the  second 
cycle,  compared  to  an  efficiency  of  100%  calculated  for  the  Sn-CFP 
electrode  during  the  same  cycle. 

The  planar  charge-discharge  capacities  of  the  Sn-coated  Cu 
and  the  Sn-CFP  electrodes  are  plotted  in  Fig.  5a.  For  the  first 
cycle,  the  planar  discharge  capacity  of  the  Sn-CFP  electrode  was 
2.96  mAh  cm-2,  almost  four  times  higher  than  that  of  the  Sn-coated 
Cu  (0.79  mAh  cm-2).  The  capacity  of  the  Sn-coated  Cu  continuously 
declined  with  almost  every  cycle.  The  Sn-CFP  electrode’s  capac¬ 
ity  did  not  show  a  significant  decline  for  the  first  fifteen  cycles, 
but  rather  displayed  a  capacity  retention  of  86%  compared  to  the 
32%  measured  for  the  Sn-coated  Cu  electrode.  For  the  twentieth 


Table  1 

Comparison  of  the  planar  capacities  and  Coulombic  efficiencies  of  the  Sn-CFP 
and  the  Sn-coated  Cu  electrodes  for  the  first,  second,  tenth  and  twentieth 
charge-discharge  cycles. 


Cycle  No. 

Planar  Capacity  ( mAh  cm-2 ) 

Coulombic  efficiency  (%) 

Sn-CFP 

Sn 

Sn-CFP 

Sn 

1 

2.96 

0.79 

82 

77 

2 

2.95 

0.64 

100 

71 

10 

2.84 

0.33 

99 

92 

20 

1.49 

0.18 

88 

93 

cycle,  the  planar  capacity  of  the  Sn-CFP  electrode  ( 1 .49  mAh  cm-2 ) 
was  more  than  eight  times  higher  than  that  of  the  Sn-coated  Cu 
electrode  (0.1 8  mAh  cm-2). 

The  gravimetric  charge-discharge  capacities  of  the  Sn-coated 
Cu  and  the  Sn-CFP  electrodes  are  plotted  in  Fig.  5b.  As  shown  in 
the  schematic  drawing  of  the  Sn-CFP  electrode  (see  the  inset  of 
Fig.  5b),  the  Sn-CFP  electrode  could  be  divided  into  two  distinct 
layers  along  its  thickness.  The  top  layer  is  a  Sn-carbon  fibre  com¬ 
posite  layer  that  contains  about  18%  of  the  total  mass  of  the  CFP. 
The  carbon  fibres  below  this  top  layer  could  not  be  reached  by  Sn2+ 
ions,  and  hence,  they  form  an  uncoated  CFP  layer.  The  gravimetric 
capacities  of  the  Sn-CFP  electrode  are  represented  by  two  distinct 
curves  in  Fig.  5b.  The  first  curve,  designated  as  ‘top’,  represents  the 
gravimetric  capacities  that  were  calculated  by  taking  into  account 
only  the  top  layer’s  mass  as  the  active  material’s  mass  in  Eq.  (2), 
while  the  second  curve,  designated  as  ‘total’,  represents  the  gravi¬ 
metric  capacities  that  were  calculated  by  taking  into  account  the 
Sn-CFP  electrode’s  total  mass  as  the  active  material’s  mass.  In  the 
first  cycle,  the  gravimetric  discharge  capacity  for  the  Sn-CFP  elec¬ 
trode’s  top  layer  was  470  mAh  g-1  (152mAhg-1  for  the  Sn-CFP 
electrode’s  total  mass),  compared  to  526  mAh  g-1  for  the  Sn-coated 
Cu  electrode.  In  the  twentieth  cycle,  the  capacity  for  the  Sn-CFP 
electrode’s  top  layer  was  236  mAh  g-1  (76  mAh  g-1  for  the  Sn-CFP 
electrode’s  total  mass),  compared  to  1 1 8  mAh  g-1  for  the  Sn-coated 
Cu  electrode. 


0.0  2.0  4.0  0.6  0.8 


Energy  (keV) 


0.0  2.0  4.0  0.6  0.8 


Energy  (keV) 


Fig.  7.  (a  and  b)  SEM  (secondary  electron)  micrographs  of  the  Sn-coated  Cu  electrode  after  twenty  galvanostatic  charge-discharge  cycles,  and  (c  and  d)  EDS  spectra  of  the 
intersection  of  four  patches  as  shown  in  (b). 
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The  Coulombic  efficiencies  of  the  Sn-coated  Cu  and  the  Sn-CFP 
electrodes  are  plotted  in  Fig.  5c.  The  Coulombic  efficiency  of  the 
Sn-CFP  electrode  was  higher  and  more  stable  than  that  of  the 
Sn-coated  Cu  electrode.  For  the  first  cycle,  the  efficiencies  of  the 
Sn-coated  Cu  and  the  Sn-CFP  electrodes  were  77%  and  82%,  respec¬ 
tively.  The  low  efficiencies  in  the  first  cycle  are  attributed  largely 
to  irreversible  reactions  with  the  electrolyte  that  form  a  solid  elec¬ 
trolyte  interphase  (SEI)  layer  on  the  active  material.  After  the  first 


cycle,  the  Sn-CFP  electrode’s  efficiency  increased  to  100%  for  the 
second  cycle  and  stayed  above  95%  for  most  of  the  remaining  cycles, 
whereas  it  took  the  Sn-coated  Cu  seven  cycles  to  stabilize  and  reach 
an  efficiency  above  90%. 

A  comparison  of  the  planar  capacities  and  Coulombic  efficien¬ 
cies  of  the  Sn-CFP  and  the  Sn-coated  Cu  electrodes  during  the  first, 
second,  tenth  and  twentieth  charge-discharge  cycles  is  presented 
in  Table  1. 


Fig.  8.  SEM  micrographs  of  the  Sn-CFP  electrode  after  twenty  galvanostatic  charge-discharge  cycles:  (a)  secondary  electron  micrograph  of  Sn-CFP  microstructure,  (b) 
secondary  electron  micrograph  of  a  carbon  fibre  at  a  higher  magnification,  (c  and  d)  EDS  spectra  of  the  carbon  fibre  as  shown  in  (b),  (e)  Secondary  electron  micrograph  of 
intersection  of  three  carbon  fibres  in  the  Sn-CFP  electrode,  (f)  cathodoluminescence  micrograph  of  the  area  shown  in  (e)  revealing  F-  and  P-rich  compounds,  (g)  secondary 
electron  micrograph  of  an  FIB-milled  cross  section  of  two  carbon  fibres  lying  under  the  surface  of  the  cycled  Sn-CFP  electrode,  and  (h)  back-scattered  electron  micrograph 
of  the  cross  section  of  a  carbon  fibre  buried  under  the  electrode’s  surface. 
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3.3.  Microscopical  evaluation  of  the  electrochemical  degradation 

The  micro-Raman  spectra  of  the  carbon  fibres  in  the  as-received 
CFP  sheet  and  the  Sn-CFP  electrode  after  twenty  charge-discharge 
cycles  are  presented  in  Fig.  6,  showing  distinct  peaks  at  1360  and 
1582  cm-1  that  correspond  to  the  D  and  G  bands  of  sp2-bonded 
carbon,  respectively  [33].  The  presence  of  the  D  band  and  the  peak 
intensity  ratio  /D//G  indicate  that  the  as-received  CFP  had  some 
microstructural  disorder,  possibly  due  to  the  presence  of  exposed 
edge  planes  along  each  fibre  [34].  The  charge-discharge  cycling 
increased  the  peak  intensity  ratio  /D //G  from  0.1 9  to  0.36,  indicating 
that  severe  structural  damage  was  inducted  into  the  carbon  fibres 
during  electrochemical  cycling  [35,36].  This  confirms  that  the  inter¬ 
calation  mechanism  was  active  in  the  Sn-CFP  electrode,  along  with 
the  alloying  mechanism. 

After  twenty  galvanostatic  charge-discharge  cycles,  a  network 
of  microscopic  cracks  was  observed  on  the  surface  of  the  Sn-coated 
Cu  electrode,  creating  patches  with  different  sizes  and  shapes  on 
the  surface  that  resembled  typical  “mud  cracks,”  as  shown  in  Fig.  7a. 
The  “mud  crack”  morphology  formed  as  the  result  of  large  volume 
changes  induced  by  the  lithiation/delithiation  processes.  A  higher 
magnification  micrograph  taken  from  the  region  labeled  as  ‘b’  in 
this  micrograph  is  shown  in  Fig.  7b,  and  reveals  that  cracks  as  wide 
as  2  [Jim  were  formed.  The  EDS  analyses  of  areas  ‘c’  and  ‘d’  shown 
in  Fig.  7b  are  presented  in  Fig.  7c  and  d.  The  signal  intensities  of  Sn 
(from  the  coating)  and  Cu  (from  the  substrate)  measured  inside  the 
cracks  were  higher  than  those  measured  on  the  patches  between 
the  cracks,  but  the  patches  were  rich  in  F  and  P.  This  suggests  that 
the  surface  of  the  Sn-coated  Cu  electrode  could  be  covered  by  the 
electrolyte  residues  and  SEI  layers. 

SEM  micrographs  in  Fig.  8  display  the  microstructure  of  the 
Sn-CFP  electrode  that  was  examined  after  twenty  galvanostatic 
charge-discharge  cycles.  The  secondary  electron  micrograph  of  the 
Sn-CFP  electrode  is  shown  in  Fig.  8a.  Compared  to  the  original,  as- 
prepared  morphology  (Fig.  2a),  the  cycled  Sn-CFP  electrode  was 
less  porous,  and  the  carbon  fibres  seemed  to  be  embedded  in  a 
translucent  matrix.  No  evidence  of  notable  disintegration  or  frac¬ 
ture  could  be  found  on  the  Sn-CFP  electrode’s  surface  (Fig.  8a).  A 
secondary  electron  micrograph  of  a  carbon  fibre  taken  from  the 
region  labeled  as  ‘b’  and  observed  at  a  higher  magnification  (Fig.  8b) 
revealed  that  the  carbon  fibre’s  surface  was  covered  by  a  continu¬ 
ous  layer  and  some  fine  Sn  particles.  The  EDS  spectra  of  the  carbon 
fibre  shown  in  Fig.  8b  are  presented  in  Fig.  8c  and  d,  revealing  that 
the  layer  covering  the  carbon  fibre  was  rich  in  F  and  P  (i.e.,  an  SEI 
layer).  Fig.  8e  shows  the  contact  junction  made  by  three  intersecting 
carbon  fibres.  These  intersections  were  frequent,  and  indicate  that 
carbon  fibres  formed  “bridges”  through  which  the  electrical  con¬ 
ductivity  of  the  electrode  was  maintained  in  different  directions. 
A  cathodoluminescence  micrograph  of  the  area  shown  in  Fig.  8e 
is  presented  in  Fig.  8f,  and  indicates  the  presence  of  a  thick  layer 
containing  F  and  P  (white)  in  the  areas  between  the  carbon  fibres 
(black),  compared  to  the  thin  layer  observed  on  the  carbon  fibres 
(see  Fig.  8b  and  c). 

An  FIB-milled  cross  section  showing  two  carbon  fibres  lying 
under  the  surface  of  the  cycled  Sn-CFP  electrode  is  presented  in 
Fig.  8g,  while  a  back-scattered  electron  micrograph  of  the  cross  sec¬ 
tion  of  a  carbon  fibre  buried  under  the  surface  appears  in  Fig.  8  h. 
The  matrix  surrounding  carbon  fibres  composed  of  F-  and  P-rich 
compounds  containing  Sn  particles  ranging  from  about  1  p,m  to  a 
few  nanometers  in  diameter,  and  a  network  of  microcracks  around 
the  fibres  could  have  been  formed  as  the  result  of  the  large  volume 
changes  during  the  charge-discharge  cycles.  Flowever,  the  fibres 
were  still  connected  to  the  surrounding  matrix  after  twenty  cycles. 

Generally,  large  volume  changes  during  electrochemical  cycling 
form  unstable  interfaces  with  the  electrolyte  that  may  quickly  dete¬ 
riorate  electrode’s  performance.  The  aforementioned  observations 


of  the  Sn-CFP  electrode’s  damaged  microstructure  indicate  that 
during  the  charge-discharge  cycling  the  Sn  coating’s  particles  were 
detached  from  the  carbon  fibres,  forming  a  thick  film  composed  of 
Sn  nanoparticles,  electrolyte  residues  and  SEI  layers  that  filled  the 
microscopic  pores  between  the  carbon  fibres.  Although  the  new 
composite  was  still  well  connected  through  a  network  of  randomly 
oriented  carbon  fibres,  the  short-range  connection  between  the  Sn 
particles  and  the  carbon  fibres  was  undermined,  contributing  to 
a  gradual  decrease  in  the  energy  storage  capacity  of  the  Sn-CFP 
electrode  after  fifteen  cycles  (Fig.  5a  and  b). 

It  is  likely  that  a  heat  treatment  process  may  enhance  the 
cycling  performance  of  the  composite  electrode  by:  (i)  improving 
the  bond  between  the  Sn  coating  and  the  carbon  fibres,  delaying 
the  detachment  of  the  Sn  particles  from  carbon  fibres’  surfaces 
that  may  reduce  the  growing  rate  of  the  film  composed  of  Sn  par¬ 
ticles,  electrolyte  residues  and  SEI  layers;  or  (ii)  transforming  Sn 
to  Sn  oxides  (if  heat  treated  in  the  presence  of  02)  that  could 
irreversibly  react  with  Li+  ions  and  convert  to  metallic  Sn  parti¬ 
cles  finely  dispersed  in  a  Li20  matrix  during  the  first  charge  in 
a  Li  cell.  The  Li20  matrix  conducts  Li+  ions  and  accommodates 
the  mechanical  stresses  caused  by  lithiation/delithiation  of  the  Sn 
particles  during  the  subsequent  cycles  [37,38].  The  SnOx-CFP  elec¬ 
trodes  produced  from  heat  treating  Sn-CFP  composites  may  be 
good  alternatives  to  commercial  graphitic  anodes  for  cost-effective, 
rechargeable  Li-ion  batteries  with  high  capacity  and  good  cycle 
life. 

4.  Conclusions 

An  ultrafine  grain  (350±50nm)  Sn  coating  with  a  thickness 
of  0.5  ±0.1  [xm  was  electrodeposited  on  the  randomly  oriented 
fibres  of  a  carbon  fibre  paper  (CFP)  to  produce  an  Sn-carbon  fibre 
composite  anode  for  rechargeable  Li-ion  batteries.  Galvanostatic 
charge-discharge  tests  conducted  by  using  relatively  large  current 
densities  showed  that  the  Sn-CFP  electrode  had  a  reversible  planar 
capacity  of  2.96  mAh  cm-2  with  a  capacity  retention  of  50%  after 
twenty  cycles,  compared  to  the  23%  measured  for  a  2.2  ±  0.2  \xm 
thick  Sn  coating  deposited  on  a  Cu  foil.  The  higher  capacity  reten¬ 
tion  of  the  Sn-CFP  electrode  was  attributed  to  the  following  factors: 

(i)  The  small  thickness  and  large  surface  area  of  the  Sn  coating  on 
the  carbon  fibres  boosted  the  coating’s  chemical  reactivity  and 
tolerance  for  volume  change. 

(ii)  In  addition  to  acting  as  randomly  oriented  current  collectors, 
carbon  fibres  participated  in  lithiation/delithiation  processes 
as  active  materials,  boosting  the  cell’s  overall  performance  and 
stability. 
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